A model is proposed for a macroreticular resin catalyst to give the overall effectiveness factor in terms of the micro-and macro-effectiveness factors and the fraction of the surface layer active sites. Different values of the fraction can represent some possible cases of porous catalysts; i.e., a single or uniform pore and a bidisperse pore structure.
letizing active powders and show a bidisperse pore structure of micro-and macropores. Various models1} have been proposed to explain diffusion and reaction in such porous catalysts.
Macroreticular ion exchange resins, which consist of very small randomly packed gelular microparticles with continuous nongel pores, might be analyzed in a similar manner by taking the microparticles as having micropores. Mingle and Smith4}, Carberry2), and Ors and Dogu6) have derived expressions for the micro-and macro-effectiveness factor. In their calculations the resulting overall effectiveness factor was essentially the product of the micro-and macro-effectiveness factors and the contribution from macro-pore walls to reaction is assumed to be negligible. Tartarelli et al. 9 ) analyzed a second-order reaction by introducing a generalized Thiele modulus and calculated the effectiveness factor for an isothermal condition by a numerical method. For resin catalysis, Frisch3) proposed a model with radially oriented cylindrical macropores in the gel structure and considered diffusion-limited first-order reversible reactions catalyzed by macroreticular ion exchange resins in which both macropore and matrix diffusion in the polymer were taken into account. Ruckenstein The present study proposes a more generalized model which would be of aid in understanding the intraparticle mass transfer and its interaction with reaction, especially for macroreticular resins.
A Model for the Macroreticular Ion Exchange
Resin A macroreticular ion exchange resin particle is composed of spherical microparticles with free space between them, which accounts for the porosity of the resin. Therefore, the macroreticular resin can be envisaged as two phases, i.e., microspheres of uniform size and pores formed by the space between the microspheres. It is assumedthat the radius of the microspheres is uniform and muchsmaller than that of the resin particle.
Two different kinds of active sites exist in the microsphere of macroreticular resin. The fraction j of total active sites are located on the surface of the microparticle, providing easy access for the reactants.
The reaction can proceed on these external active groups without being preceded by permeation into the micropatricle. However, the remaining functional groups of fraction \ -j are located within the polymer matrix of the microparticle. The molecules from the external phase must penetrate through the polymer matrix in order to gain access to the inner active functional groups. The external active groups and a large surface area due to high crosslinking are the characteristics of macroreticular resins, which can catalyze reactions even among nonpolar molecules while gelular resins cannot. The active acidic sites are uniformly distributed over the pore walls (surface of the microsphere) and also in the inner gelular phase of the microsphere.
Reaction occurs on the pore walls as well as inside the gelular microspheres. A schema-JOURNAL OF CHEMICAL ENGINEERING OF JAPAN tic diagram of a macroreticular resin catalyst is shown in Fig. 1 .
Governing Equations
For the pore space, diffusional flux is balanced by disappearance due to reaction on the walls and diffusion into the microspheres, and for the microsphere diffusional flux is balanced by reaction only. By defining the dimensionless variables as ya=-^r, yi=-yr, xa=-^> xi==~5~C1) Co Co J&a J*i and the parameters as
T §fcr (3) the governing equations at steady state can be written for an n-th order irreversible reaction for the pore space (4) and for the microsphere d*yf 2 dyt dx\ + xt dXi~miyi (5) and the boundary conditions are xa=0; dya/dxa=0 (6a)
where parameter rrti represents the Thiele modulus for a microsphere and ma the Thiele modulus for the pore space. Ifmt is defined as the ratio of the time scales for the processes taking place in the resin pore and in the microparticle respectively, where ta represents the characteristic time required for diffusion through the pore of the resin particle and ti the characteristic time required for permeating through the microparticle, Eq. (4) becomes d*ya xa dxa l-r \ dxi ;H=i
The microeffectiveness factor is defined as Vi m\yl\dXi).t=1 w Introducing Eq. (9) into Eq. (4) results in a more general form, or Before solving Eqs. (5) and (10) it can be shown that the overall effectiveness factor rjov is expressed in terms of the average micro-effectiveness factor fju the macro-effectiveness factor rja and the fraction y of active sites located on the pore walls as follows:
where Mis the modified Thiele modulus defined as M*=ml[T+{\ -r)Vi] (15) fji is the averaged value of the local effectiveness factor rji for a microsphere which, except for a firstorder reaction, depends upon the radial position of the resin particle as the concentration in the pore space varies along the radial position.
Results and Discussion 1. First-order reaction
For a first-order reaction (n=l), the analytical solutions of Eqs. (5) and (10) As permeation becomes more difficult (m*~oo), the micro-effectiveness factor rjt approaches zero and as the reaction controls the rate process (ra*~0),b ecomes unity. It should be noted that the microeffectiveness factor rji is the same as the effectiveness factor of a uniformly porous catalyst particle with a Thiele modulus m*. give a straight line, as shown in Fig. 3 The effectiveness factors for the cases of^=0 and f=0.528 are plotted in Figs. 4 and 5 respectively in terms of ma, and in Fig. 6 in terms ofmt and rrti. As the microsphere Thiele modulus rrti increases, the diffusion rate into the microsphere becomes slow and the reactants tend to accumulate in the pore space. The uniform concentration profile in the pore results in the enhancement of the macro-effectiveness factor Y]a. However, the overall effectiveness factor will decrease due to diffusion limitations in the microspheres.
2 Second-order reaction
If very few active sites are located on the pore walls (i.e., f=0), there is little reaction on the pore walls.
However, if a large portion of active sites is located on the pore walls (i.e., f^O), they play the role of sink for reactants in the pore space due to the wall reaction.
Hence the overall effectiveness factor for 208 JOURNAL OF CHEMICAL ENGINEERING OF JAPAN the case of y^O is different from that for the case of y=0 showing a different asymptote. If the diffusion resistance through the microsphere is negligible (or microsphere Thiele modulus mt becomes smaller) reaction occurs in the entire range of the microsphere and the overall process depends only on diffusion through the pore space. Therefore, the overall effectiveness factor tjov becomes a function of the Thiele modulus ma alone. Figure 6 shows that as mt increases, the diffusion rate of the reactant molecules into the pore of the resin particle decreases and the overall effectiveness factor decreases.
3 Limiting cases of?=0 and y=\
If 7^=0, the present model is the same as the bidisperse porous catalyst models, and the effectiveness factor becomes simply the product of the micro-and macro-effectiveness factor, or Vov=^iVa (24) The same relation can be obtained from the model proposed by Ors and Dogu6) and also by Carberry2). If y=1, the governing equation reduces to that for a single pore or uniformly porous catalyst, for which numerous studies1} can be referenced. It is the merit of the present model that three possibilities in typical heterogeneous catalysis, i.e. a single pore, a biporous catalyst and an ion exchange resin catalyst, can be explained by a single expression.
Experimental Examples-Temperature Effect
As an illustration, some experimental results obtained by the authors are explained in the following: A) The liquid-phase esteriflcation of phenol and acetic acid was performed in a batch reactor using macroreticular ion exchange resin catalysts (Amberlyst 15 and Amberlyst XN-1010) and experimental data on the initial reaction rate were analyzed by the present model8}. Under the experimental condition of r]a=l (i.e., when the variations in size of resin particle do not affect the overall rate), the overall initial reaction rate rov could be expressed as rOv=rxr]ov=rx[r+(l -r)Vi] (25) In the range of low reaction temperature most reaction occurs on the surface layer of the microparticle (the pore walls) because the reactant cannot easily penetrate into the highly crosslinked gel phase of the microparticle.
Therefore, micro-effectiveness factor fji becomes very small. As the reaction temperature increases the gel phase can participate in the reaction due to increased swellability and this results in higher micro-effectiveness factor. In the extreme case of high reaction temperature where the mobility of the gel phase increases, the reactant molecules moveeasily into the microparticle and the Fig. 7 It is reasonable to assume for isothermal conditions that as the intrinsic reaction rate constant k, the radius Ri of the microparticle and the diffusivity A in the microparticle are constant and independent of the resin sizes, the apparent reaction rate constant kapp is also constant and independent of the sizes of resin particles. The values of Da and kapp were estimated from measurements of the overall reaction rate for given values of particle size and catalyst quantity, and the correlation between experimental data and the present model for r}a was found to be excellent. C onclusion Macroreticular ion exchange resin catalyst has been envisaged as two phases: the microspheres and the pore space formed between them. For an 77-th-order irreversible reaction at steady state the overall effectiveness factor 7]0V can be expressed in terms of the average micro-effectiveness factor 7ji9 macro-effectiveness factor 7]a and the fraction j of active sites located on the pore walls, or Vov=[r+(^-r)Vi\Va and has been evaluated analytically for a first-order reaction and numerically for a second-order reaction.
In addition to the case of a macroreticular resin catalyst with some fraction of the active sites on the pore walls, two other possible cases of heterogeneous catalysts can be explained by the present model in terms of different ranges of j, i.e. a bidisperse porous catalyst for y=0 and a catalyst with uniform pore size for y=\.
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(Presented at the 2nd World Congress of Chem. Eng., Montreal, Canada, Oct. [4] [5] [6] [7] [8] [9] 1981 ). Nomenclature C = concentration; Ca, in the pore; Q in the microsphere ; Co in the bulk [mol/cm3] D = effective diffusivity; Da, in the pore;
Du in the microsphere [cm2/sec] e = total capacity of a resin particle [equivalent] k = reaction rate constant [cm37l/sec à"eq. mol71"1] M = modified Thiele modulus defined by Eq. (15) m = dimensionless variable; mi9 defined by Eq. (2) ; ma, defined by Eq. (3); mt defined by Eq. (7) n = reaction order n' = numberof microspheres in a resin particle R = radius; Ra, ofa resin particle; Ru ofa micro sphere [cm] r = radial position from the center; ra, of a resin particle; ru of a microsphere [cm] rov -overall initail reaction rate rx = intrinsic reaction rate V = volume, Va, ofa resin particle; Vi9 ofa micro sphere [cm3 ] x = dimensionless distance from the center; xa, for a resin particle, defined by Eq. (lc) : xit for a microparticle, defined by Eq. (Id) y = dimensionless concentration; ya9 in a resin particle, defined by Eq. (la); yu in a microsphere, defined by Eq. (lb) y = fraction of active sites distributed over the pore walls s =porosity rj = effectiveness factor; j]U for a microsphere, r]a, for a resin particle; rjov for overall resin
